Abstract-An exhaustive study of the distribution of butyltin species was conducted in the sediment of the Saguenay Fjord (Canada), a semi-enclosed marine system with sediment permanently submitted to sub-Arctic cold conditions. Concentrations of total butyltins (tributyltin [TBT], dibutyltin, and monobutyltin) ranged from 6 to 288 ng Sn/g dry weight and were typical of those reported for contaminated coastal areas despite limited seasonal traffic of commercial vessels in the fjord. The distribution profiles of butyltin species in four sediment cores clearly indicated the high persistence of TBT that was dominating other species. The particular oceanographic conditions of the Saguenay Fjord (low seawater temperature, anoxic sediments, and low exchange rate of deep waters) combined with a high sediment/pore-water partition coefficient (K dobs ϭ 1.0 ϫ 10 4 to 1.2 ϫ 10 4 L/kg) and a low sediment/ water diffusive flux of TBT (J 1 ϭ 13 ϫ 10 Ϫ8 mol/m 2 /year) are responsible for the burial and preservation of TBT in this marine ecosystem. The half-life of TBT in deep sediment was estimated to be approximately 87 Ϯ 17 years (Ϯ SEM), which implies a much slower degradation rate than any previously reported. Finally, a flood event that occurred five years before the sampling enabled us to calculate a very slow diffusive flux from the preflood to the postflood layer (J 2 ϭ 2 ϫ 10 Ϫ8 mol/m 2 /year), indicating an almost permanent sequestration of TBT in the buried layers.
INTRODUCTION
Antifouling paints are still the most important source of tributyltin (TBT) to the marine environment, although agricultural applications and sewage sludge discharges also contribute [1] . Tributyltin is highly toxic to many aquatic organisms, and contamination by this organometal is still considered to be the most important ecotoxicological threat of the last decade in coastal waters [2] . Recent studies have shown the expansion of butyltin pollution in oceanic waters and deep ecosystems [3] even if its partial ban really has led to a significant decrease of butyltin water concentrations in many coastal areas around the world. In many locations, sediment concentrations have shown only a modest decline in the last 20 years, and studies have demonstrated that TBT degradation to dibutyltin (DBT) and monobutyltin (MBT) was largely conditioned by the redox state and the temperature of sediments [4] . Colder temperatures slow the process by reducing the growth of the organisms responsible for the biological breakdown of TBT. Unfortunately, the largest part of the TBT that is deposited in the marine environment is found in relatively cold locations, where its half-life in sediments is estimated to be years or decades [5] .
Even if the International Maritime Organization proposed prohibiting the presence of TBT paints on ship hulls by 2008, the already ubiquitous distribution and persistence of butyltins in sediments means a probable long-term contamination and toxic threat to the world marine ecosystems. Contaminated sediments, especially those in cold environments, represent a constant source of butyltin to the overlying water and, consequently, may continue exerting toxic effects on biota for * To whom correspondence may be addressed (lizaviglino@hotmail.com).
decades after the enforcement of a general ban on TBT paints begins [6] .
We have an urgent need to understand and predict the fate of butyltins in high-latitude marine ecosystems and, thus, help in the environmental management of coastal zones impacted with butyltins. Several field studies have confirmed the presence of butyltins in sediments of cold areas, such as northern region [7, 8] and even sub-Arctic Canadian coastal systems [1] . However, no exhaustive investigations have yet been conducted on TBT persistence and fate in the sediments of these marine systems. Additionally, most of the existing work on the butyltin contamination in Northern ecosystems has focused on various harbors and major shipping routes and never in a semienclosed environment such as the Saguenay Fjord (Canada), where shipping activities are rather limited.
The Saguenay Fjord is a narrow, deep, submerged glacial valley (maximum depth, ϳ275 m) extending from the Saguenay River in the north of Quebec to the St. Lawrence Estuary at Tadoussac over a distance of approximately 90 km (Fig. 1) . The geomorphology of the Fjord is characterized by two elongated, deep basins (depth, 200-274 m) separated by a shallow, broad sill and semi-enclosed by a very shallow sill (depth, 30 m) near its connection with the St. Lawrence estuary. Water circulation has a two-layer, well-stratified estuarine structure with a sharp and shallow (depth, 7-10 m) thermohalocline below which the bottom waters are salty, generally well mixed and oxygenated, and display only minor annual variations in temperature (0.5-2ЊC) [9] .
This large North American fjord is an exceptional environment where the biodiversity prompted the Canadian government to create the first Canadian marine park in 1998. This park intends to protect the fjord from almost any direct human impacts (commercial fishing, dredging, industrial and munic- ipal discharges, and so on) except for those from commercial shipping. In 1997, 446 large commercial vessels carrying bauxite, aluminum lingots, and paper rolls traveled through the Fjord up to Port-Alfred in the Baie des Ha! Ha! (http:// www.innav.gc.ca). Although the Saguenay Fjord supports a limited and seasonal traffic, TBT contamination is suspected, and a preliminary study in this area has already detected butyltins in sediment at a depth of 285 m in the main basin [10] .
In July 1996, heavy rains caused an exceptional flash flood in many rivers of the Saguenay Fjord drainage basin, and more than 15 ϫ 10 6 m 3 of sediment and debris were carried into the Baie des Ha! Ha! in only a few hours. As much as 50 cm of postglacial clays were deposited, which buried the old contaminated sediment and, thus, provided a flood capping layer that benthic species rapidly recolonized [11] . This event offered a unique opportunity to measure the possible diffusion of TBT from the previously contaminated sediment to the new sediment layer and to assess the very recent input of TBT from shipping activities.
The present study reports, to our knowledge, the first recorded distribution profiles of butyltin species in sediment cores from the Saguenay Fjord. Profiles were utilized to estimate the TBT half-life and its partitioning between sediment and pore water, to calculate the present TBT input to the sediment, and to evaluate the efficiency of the capping layer as a barrier to sequester butyltins.
MATERIALS AND METHODS

Study site and sample collection
Sediment cores were collected at four stations during two research expeditions in May 2001 and May 2002. Three stations were located along the main axis of the Saguenay Fjord: Near the head of the Fjord (SAG-05; depth, 90 m), in the upstream basin (SAG-16; depth, 255 m), and in the deepest seaward basin (SAG-30; depth, 265 m). A fourth station was located in the Baie des Ha! Ha! (SAG-09; depth, 150 m), which has the same oceanographic characteristics than the fjord itself ( Fig. 1 ). Samples were collected with a multicore sampler holding eight tubes (inner diameter, 5 cm; length, 70 cm; Maxicorer Mark V-4000; Bowers and Connebly, Archbuie-TaynuitArgyll, Scotland). This corer can operate very slowly at the surface of the sediment and preserve intact the water-sediment interface. Immediately after collection, two cores were sectioned into 0.5-to 2-cm segments, and subsamples were kept frozen at Ϫ20ЊC until analysis. The first core was used for determination of the water content and geochemical characterization of the sediment, and the second was used for butyltin analysis. Sediment pore waters were extracted from a third core (only for SAG-05 and SAG-30) using nitrogen-pressurized squeezers modified to filter the water through a 0.45-m Type HA Millipore filter (Fisher Scientific, Nepean, ON, Canada) as it passed directly into a 50-ml syringe [12] . After the addition of 40 l of concentrated HNO 3 to inhibit adsorption and degradation of TBT, samples were frozen immediately and maintained at Ϫ20ЊC until the analysis of butyltins.
Sediment characteristic analysis
The percentage water content of the sediment was obtained by weight difference after oven-drying at 50ЊC for 48 h. After addition of HCl (1 M) to dry sediment to remove carbonates, the percentage total organic carbon content was determined by carbon-hydrogen-nitrogen (CHN) analysis (Perkin-Elmer auto-analyzer, model 2400, Montréal, PQ, Canada). The analytical precision of the CHN analyzer was estimated from duplicate samples to be Ϯ0.2% for carbon. Granulometry analysis was done with a Coulter LS100 apparatus (Coulter, Fullerton, CA, USA) [13] . Sediment particles were classified as follows: Clay (0.4-4 m), silt (4-63 m) and sand (63 m to 2 mm).
Analytical procedure for organotin determination
Extraction. Butyltins were determined following the method published by Michel and Averty [14] with some modifications as indicated hereafter. For sediment, each freeze-dried sample (0.3 g) was suspended in 10 ml of HCl (1 M) in a 20-ml Teflon tube (Nalgen Nunc, Rochester, NY, USA). After a continuous stirring for 14 to 16 h on a wrist-shaker, 5 ml of a hexane/tropolone solution were added to the acidic solution. Following a 60-min stirring, each tube was centrifuged for 6 min with 3500 rpm, and the organic layer was recovered. The extraction was repeated with 5 ml of the hexane/tropolone, and 100 l of tetrabutyltin (1 ppm) were added as internal standard (purity, 97%; Aldrich, Milwaukee, MI, USA). Repetitive injections of tetrabutyltin in hexane showed no traces of TBT and DBT. The second organic phase was recovered and combined with the first, and the volume was reduced to between 2 and 3 ml under a nitrogen stream at room temperature. Then, 2 ml of an acetate buffer (pH 4.5) and 0.5 ml of 2% (w/v) sodium tetraethylborate (NaBEt 4 ) aqueous solution (Strem Chemicals, New Buryport, MA, USA) were added to the organic extract. After a 20-min stirring, the tube was centrifuged, and the organic layer was removed and cleaned on a silica gel microcolumn (inner diameter, 6 mm) by elution with 8 ml of hexane. The volume of the extract was reduced to 200 l under a nitrogen stream at room temperature.
For pore water, the extraction method was adapted from one developed for seawater [15] . The pore-water sample (250-300 ml) was placed in a volumetric flask, and the pH was adjusted to 5.5 by addition of nitric acid. Then, 0.1 ml of 4% (w/v) NaBEt 4 aqueous solution was added, and the preparation was stirred vigorously for 5 min. A volume of 10 ml of pentane/ iso-octane mix (4:1) was added, and the solution was then vigorously stirred for 10 min. After decantation of the organic layer and addition of 100 l of tetrabutyltin as an internal standard, the extract was concentrated under a stream of nitrogen to a volume of 200 l.
Instrumental setup. For pore-water samples, 1.0 l of ethylated butyltin species was injected, and butyltins were quantified on a Varian 3300 gas chromatograph (Varian, Walnut Creek, CA, USA) coupled to a Finnigan MAT ion-trap detector (Perkin-Elmer, Norwalk, CT, USA). A DB-5MS fused silica capillary column (length, 30 m; inner diameter, 0.25 mm; J&W Scientific, Folsom, CA, USA) was used for all analyses with helium as carrier gas at a flow rate of 1.0 ml/min. The instrument detection limits were 15 pg as Sn for TBT and DBT and 25 pg for MBT. Butyltin species in sediment cores were also quantified by gas chromatography-mass spectrometry on a Finnigan PolarisQ ion-trap gas chromatograph/MSn operated in single-ion monitoring (Thermo Finnigan, Woburn, MA, USA). A Rtx-5MS fused silica capillary column (length, 30 m; inner diameter, 25 mm; Restek; J&W Capillary Columns, Brockville, ON, Canada) was used for the analysis. The detection limit was 1.5 pg as Sn for TBT, DBT, and MBT. Identification of butyltins was based on their mass spectra and retention times. For both instruments, quantification of the integrated peak areas was performed with reference to the internal standard. The recovery of butyltin species was determined by successive extractions (n ϭ 6) of standard sediment certified reference material (CRM 462) and was 58% Ϯ 8% for TBT and 59% Ϯ 5% for DBT. Because certified standard seawater is not yet available for organotin compounds, the recovery of butyltin species was done with Saguenay seawater spiked with a MBT ϩ DBT ϩ TBT mixture at a nominal concentration of 60 ng Sn/L. The results (n ϭ 6) were 72% Ϯ 7% for TBT, 83% Ϯ 5% for DBT, and 82% Ϯ 4% for MBT.
The concentrations of different butyltins were corrected for the recovery and are reported as tin (ng Sn/g dry sediment).
Statistical analysis
SigmaStat Version 5 from Jandel Scientific Software (SPSS, Chicago, IL, USA) was used for statistical analysis. To evaluate the correlation existing between the different physicochemical parameters in the sediment, the Spearman correlation method was applied. The first value indicated the correlation factor (R s ); the second value was the correlation probability (p).
RESULTS
Sediment characteristics
Sediment characteristics are in good agreement with the data reported in previous studies on Saguenay Fjord [16] . The upper arm (SAG-05) and the Baie des Ha! Ha! (SAG-09) cores are mainly characterized by sandy mud sediments, whereas the upstream basin (SAG-16) and deepest seaward basin (SAG-30) sediments are mainly mud. Organic carbon content was relatively low in all cores and ranged from 0.60 to 2.92%, with the highest values being found in the deep basin core. The SAG-09 sediment stands out from others by sediment characteristic variations throughout the core. The SAG-09 core contains a sand layer at 18 cm of depth, corresponding to the interface between the preflood sediment surface and the thick flood layer deposited in July 1996 [17] . The organic carbon content also varied with a mean level of 2.53% in the upper and bottom layers and 1.56% in the intermediary layer.
Vertical distribution of butyltin species
Butyltins were detected at all depths in the four sediment cores. Concentrations varied widely between cores depending on their location (Figs. 2 and 3 ). In general, TBT was the most abundant butyltin species, ranging from 4 to 206 ng Sn/g dry weight. Breakdown products were also found at concentrations from 0.9 to 43 ng Sn/g dry weight for DBT and 0.7 to 39 ng Sn/g dry weight for MBT. The TBT:DBT ratios are presented in Table 1 .
Core SAG-05. Tributyltin concentrations fluctuated between ranging from 0.9 to 25 and 0.7 to 7 ng Sn/g dry weight, respectively. In opposition to the other stations, TBT and DBT concentrations were in the same range ( Fig. 2) and gave a TBT:DBT ratio ranging from 1 to 2 except for in the two deepest layers (Table 1) .
Core SAG-16. Tributyltin concentrations were higher in the SAG-16 core (Fig. 3 ) than in the SAG-05 core (Fig. 2) . The highest concentration was found in surface sediment, because the level first declined steadily with depth but was relatively constant from a depth of 10 cm, with a mean level of 39 ng Sn/g dry weight (Fig. 3) . Both DBT and MBT were also present throughout the core at much lower concentrations than TBT. The DBT profile appeared to be similar in shape to the TBT profile, with a maximum concentration near the surface of 12 ng Sn/g dry weight and a mean level of 4 ng Sn/g dry weight throughout the core. Monobutyltin levels were considerably lower and varied around 0.70 ng Sn/g dry weight (near the detection limits) except for the 7-to 8-cm layer, where the level was 4 ng Sn/g dry weight. The TBT:DBT ratios were higher than in the SAG-05 core and varied from 6.3 to 40.7 ( Table 1) . The ratio showed variation with increasing depth, but the highest values were in the bottom sediment. In the first 22-cm layer of the core, the mean ratio was 13.8, which increased to 28.9 in the 22-to 30-cm layer.
Core SAG-30. As observed with the previous core, TBT was the most abundant butyltin species and exhibited a maximum concentration in the first few centimeters, with mean level of 43 ng Sn/g dry weight, although the TBT concentration was only 24 ng Sn/g dry weight in the 0-to 0.5-cm layer (Fig.  2) . Tributyltin concentration showed a diminishing trend with depth, to a minimum of 19 ng Sn/g dry weight at the 18-to 20-cm layer, but TBT concentrations then rose again, with a maximum peak of 32 ng Sn/g dry weight at the 20-to 22-cm layer (Fig. 2) . The TBT:DBT ratios varied from 6.52 to 17.9 (Table 1 ) and were relatively constant along the core, with the highest values appearing in the 1-to 2-cm and the 5-to 6-cm layers.
Core SAG-09. The TBT profile found in the SAG-09 core was different from those in the other cores, because the sedimentary column was strongly influenced by the 1996 event described earlier. Tributyltin concentrations were higher than those observed in the other cores (Fig. 3) , with levels approximately twofold higher than in the SAG-16 core and fivefold higher than in the SAG-05 and SAG-30 cores. From a concentration of 80 ng Sn/g dry weight at the surface, the level increased sharply to 206 ng Sn/g dry weight at a depth of 1 to 2 cm. Then, it declined steadily with depth, until reaching approximately 8 ng Sn/g dry weight at the 10-to 12-cm layer, and increased again in the deepest layers, reaching levels similar to those found near the surface (Fig. 3) . Both DBT and MBT were found in all subsamples, with concentrations ranging from 4 to 43 ng Sn/g dry weight for DBT and 0.74 to 39 ng Sn/g dry weight for MBT. The DBT profile followed the TBT profile, showing a diminishing trend with depth until reaching approximately 4 ng Sn/g dry weight at the 16-to 18-cm layer, then increasing again at the bottom of the core (Fig.  3) . The TBT:DBT ratios were relatively low and ranged from 0.6 to 8.8 (Table 1 ). In the 6-to 20-cm layer, the ratio was quite low, with a mean level of 1.8, but it increased to 6.5 in the preflood sediment layer (Table 1) .
Physicochemical parameters correlation
Statistical analysis revealed a weak but significant positive correlation (R s ϭ 0.65, p ϭ 0.004) between sedimentary organic carbon contents and corresponding TBT concentrations only in the Baie des Ha! Ha! core (SAG-09). A similar positive correlation (R s ϭ 0.51, p ϭ 0.03) was also found between organic carbon contents and corresponding DBT concentrations. The attempt to correlate grain size or water content to butyltin species was unsuccessful in all cores.
Recent inputs of TBT in Baie des Ha! Ha!
Core SAG-09 can be divided in three separate layers: The upper layer (0-5 cm), corresponding to the years 1996 to 2002; the intermediate (flood) layer (6-20 cm), with the lowest butyltin levels; and the bottom layer, deposited before 1996. Postglacial sediments eroded by the flood and transported to the Baie des Ha! Ha! were very poor in TBT, with a mean concentration of approximately 11.3 ng Sn/g dry weight, which was well below the level found in the deepest preflood sediment (Fig. 3) . Tributyltin was more abundant near the surface and in the deepest layer of core. On the contrary, TBT and the breakdown products (DBT and MBT) were in the same range within the intermediate layer (Fig. 3) . Clearly, the core shows that sediments contaminated with butyltins have been capped by a layer of clean, silty, postglacial sediments. Butyltins found in the 0.5-to 5-cm layer were deposited after the flood and slightly biomixed into the intermediate layer (Fig. 3) .
Using a sediment density of 3.8 g/cm 3 , the total amount of TBT ϩ DBT ϩ MBT has been integrated over the first 10 cm of the SAG-09 core. The result of that estimation shows an average of 76 ng Sn/cm 3 . Because of a decreased concentration gradient of butyltins in Baie des Ha! Ha! from the deep-water harbor (Port Alfred) to outside the bay and the central location of SAG-09, the value of total butyltins calculated from this core was considered to be a representative average of butyltins throughout Baie des Ha! Ha!. Consequently, we multiplied this value by the surface sediment of the bay (2.59 ϫ 10 11 cm 2 ) and found that the total amount of butyltins accumulated over the last five years was approximately 197 kg, which means an average of 40 kg/year.
For comparison, we also estimated the total input of TBT following the approach proposed by Davies et al. [18] , which is based on the proportion of global seaborne trade involving vessels that circulate throughout the studied area. Considering the annual amount of TBT paints used in the world (3,470 ϫ 10 6 tons) as estimated in 1984 [18] , the average TBT content of marine paints applied annually to ship hulls (1,200 tons), and the proportion of the global trade passing through the Saguenay Fjord (444 ϫ 10 3 tons), it can be estimated that a maximum of 150 kg of TBT can be released in the Saguenay each year. According to Davies et al. [18] , only 28% of this maximum value could truly be released in the water column each year in the Saguenay Fjord, which means approximately 45 kg/year. Assuming that a large part of the introduced TBT is settled by particulate matter within the bay, and assuming the absence of other sizeable TBT sources, the results from the theoretical estimation using the traffic approach [18] and of the present field results based on one core are very close and seem to represent a realistic assessment.
TBT diffusion from sediment
Two vertical diffusive fluxes of TBT (J) were calculated with ␦C/␦z values following the equation of diffusion given by Fick's law:
where J is the vertical flux, ⌽ is the porosity of sediment, ␦C/ ␦z the concentration gradient, and D s is the bulk sediment molecular diffusion coefficient. A first concentration gradient was calculated from TBT concentrations in the surface sediment layer of core SAG-09 to estimate a diffusive flux (J 1 ) from sediment to the water column. A second gradient was calculated from the preflood sediment-water interface (18-cm layer to the bottom), also in core SAG-09, to evaluate the TBT fate in relation to the flood-capping layer (J 2 ). Dissolved TBT concentrations (ng Sn/L) in pore water and concentration gradients of the water-sediment interface (J 1 ) and capping layer (J 2 ) are presented in Figure 4 . The bulk sediment molecular diffusion coefficient (D s ) was given by D s ϭ D 0 / 2 , where is the tortuosity and D 0 is the diffusion coefficient in water. Because of the lack of previous TBT diffusion coefficient data in Saguenay, the value of D 0 was obtained from Traas et al. [19] , and the value of is assumed to be equal to l-ln(⌽ 2 ) [20] . Positive values indicate upward fluxes. Calculations of both fluxes are detailed in Table 2 and show positive and very small values of 13 ϫ 10 Ϫ8 mol/m 2 /year for J 1 and 2 ϫ 10 -8 mol/m 2 /year for J 2 .
Partition of butyltin compounds between pore-water and sediment samples (K dobs )
The sediment/pore-water partitioning coefficient (K dobs ) was calculated for two cores (SAG-09 and SAG-16) by dividing the butyltin concentration in the sediment (ng Sn/kg) by that in the water (ng Sn/L) ( Table 3 ). The partition coefficient of Table 2 . Diffusive flux (J 1 ) of tributyltin (TBT) from sediment to the water column and diffusive flux of TBT (J 2 ) from the preflood sediment-water interface to the capping layer in the Baie des Ha! Ha! at station SAG-09 (PQ, Canada) 
Degradation rate of TBT
Numerous observations of TBT degradation in the marine environment have suggested that degradation proceeds via a first-order kinetic model [21] , and several studies have applied this simple approach to sedimentary profiles to obtain halflife degradation of TBT. In the present study, core SAG-16 was chosen to assess the half-life of TBT in Saguenay Fjord sediments, because SAG-16 did not receive new sediment from the 1996 flood and is not subject to submarine perturbations. Two half-lives have been estimated. The first was for the oxic layer (0-5 cm), where it was assumed that various mechanisms are responsible for the elimination of TBT (bioturbation, biodegradation, and so on), thus suggesting a degradation/elimination rate that is faster than that in the deep layer. The second was for the anoxic sediment layer, where the main mechanism of TBT loss should be in situ biological and chemical degradation. Moreover, several assumptions were made. First, the age of each sediment sublayer was determined by assuming a constant sedimentation rate that has already been estimated to be 0.18 g/cm 2 /year (0.35 cm/year) at SAG-16 by Leclerc et al. [16] . Second, it was assumed that TBT concentration in the uppermost layer represented the constant input of TBT incorporated into the sediments at the time of deposition. Thus, the half-life value from the surface oxic layer is estimated at 8 Ϯ 5 years, with a correlation coefficient of 0.50 (p Ͻ 0.1), and the half-life in the deep anoxic layer is estimated at 87 Ϯ 17 years, with a correlation coefficient of 0.6 (p Ͻ 0.001) (Fig. 5) .
DISCUSSION
The present study is, to our knowledge, the first to examine in detail the fate of butyltins in a semi-enclosed marine area with sediment permanently submitted to subpolar conditions. All our results demonstrate clearly the high persistence of TBT in these sediments as well as the high recent inputs and the low diffusive flux of TBT. The presence of TBT and its breakdown products through the postflood layer observed in the Baie des Ha! Ha! indicates that commercial shipping activities are responsible for the recent TBT inputs in the bay and elsewhere in the Fjord. The second important point is that these recent inputs will persist in sediments for decades or even centuries. The shape of the TBT profiles as well as the high values and uniformity of the TBT:DBT ratios combined with the high K dobs and the low diffusive fluxes of TBT calculated here are all factors indicating a very slow remediation process (degradation and burying) and even stability of these compounds in the sedimentary column. The kinetics of TBT degradation calculated from SAG-16 adds a supplementary proof of the long-term threat induced by butyltins in Saguenay Fjord.
TBT persistence in Saguenay Fjord
Butyltin contamination. Contamination levels recorded in Saguenay were similar to those reported for coastal areas exposed to shipping activities in northeastern Canada and in other countries [2, 7, 22] . A decreasing surface concentration of TBT and metabolites is observed from the inner Baie des Ha! Ha! (SAG-09) toward the downstream part of the fjord (SAG-16 and SAG-30). The Baie des Ha! Ha! has a deep-water harbor with a large industrial complex (Fig. 1) . The decreasing gradient of contamination observed from the upstream basin (SAG-16) to the seaward basin (SAG-30) supports the hypothesis that the main source of TBT is from the bay. The presence of butyltins in the sediment collected in the North Arm (SAG-05) was unexpected, because the site supports only limited boating activities and is localized upstream to Baie des Ha! Ha!. Inputs of butyltins at that location can only be attributed to industrial and urban waste discharges from the Saguenay-Lac St. Jean region [23] . Industrial uses of several organotin compounds and the effluents from municipal sewages are potential sources of organotins [1] . During the same sam- pling cruises, butyltin analysis in the water column was carried out and showed significant levels of dissolved and particulate DBT (L. Viglino, unpublished data). Direct DBT inputs from industry could explain the low TBT:DBT ratio observed in SAG-05 compared to other stations (Table 1) . Such low ratios have already been observed in studies related to effluents [24] .
Degradation of TBT. The half-lives estimated from a simple first-order kinetics model at SAG-16 provided an expected estimation of 8 Ϯ 5 years in the first few centimeters of surface sediment but an astonishingly high value of 87 Ϯ 17 years in the deeper anoxic layer. These calculated half-lives are only a rough estimation, because diffusion and, above all, bioturbation processes are not taken into account in this model. Diffusive flux values being very small, the diffusion mechanism seems to have little to do with the distribution of TBT in the sediment of the fjord. On the contrary, bioturbation has recently been demonstrated as a major factor in modifying Saguenay Fjord sediments [25] . Thus, it certainly modified the TBT distribution in sediment as seen from the SAG-09 profile, at least in the first 10 to 12 cm. Bioturbation most probably induces an overestimation of the TBT half-life, because freshly deposited TBT can be transported downward by worms. On the other hand, worms and other burrowing species can also import old, deep sediment onto the surface and dilute freshly deposited particles [25, 26] . Despite these reservations, the half-life calculated here in the oxic sediment appears to be in the same range as those estimated during earlier studies, with values on the order of a few months to several years, whereas the half-life from the anoxic sediment seems to be on the order of many decades, which is the highest value reported until the present study [5, 27] .
The high stability of TBT in the deepest layers can be explained by the peculiar oceanographic regime of the Saguenay Fjord, because here, the main factors limiting TBT degradation in sediment are combined [4] . First, the Saguenay Fjord is strongly influenced by the inflow of cold marine waters (water temperature, ϳ2ЊC) from the intermediate layer of the St. Lawrence Estuary, and sediment temperature remains constant throughout the year, at a value close to 2ЊC [9] . Second, debutylation of TBT to DBT and MBT occurs mainly by aerobic biological processes [28] . The absence of oxygen will result in a much slower degradation in deeper sediment. In Saguenay Fjord, sediments are characterized by a thin, brown, oxic layer at the sediment-water interface (depth, 0-5 cm), below which the rapid onset of sulfate reduction is observed [29] . Consequently, TBT seems to be rapidly buried in an anoxic environment that limits-and even inhibits-its degradation.
Pore-water/sediment partition coefficient (K dobs )
The K dobs values of Saguenay were within the range of those documented in the literature, which are summarized in Table  4 . The adsorption mechanism of TBT on the solid phase is controlled by the physicochemical properties of the sorbents as well as by the aquatic chemistry of TBT. The nature of the sediment, the organic carbon content, and the presence of other hydrophobic compounds were cited as important factors to generate associations [7, 30, 31] . In the present study, neither the content of organic carbon nor the grain-size distribution seems to have a significant effect on the K dobs value. No correlation was found between butyltin concentrations and the highest values of organic carbon observed in the deep basin (SAG-16 and SAG-30), and only a weak correlation was determined in SAG-09. This result could be attributed to the nature of organic carbon, which varies according to the source [23] . In the main axis of Saguenay Fjord, the detrital carbon coming from upstream rivers is the main contributor to particulate organic carbon (POC). Because the source of the POC is clearly different from the source of the TBT, a correlation is not expected. The situation is slightly different in the Baie des Ha! Ha!, where a part of the POC is also from terrestrial sources but another part is from primary and secondary production, which means that in situ-generated POC has a better chance to have been in contact with TBT released by ship hulls.
Dibutyltin partitioning coefficient values found in the present study were consistent with those reported by Stang and Seligman [32] , but they are higher than those found by Hoch et al. [33] . Because the K dobs value decreases when the solubility of the partitioning molecule increases, a lower K dobs value is expected for DBT compared to TBT. Measured DBT K dobs values in Saguenay Fjord sediments were between 11-to 25-fold lower than TBT K dobs values for the same samples. Comparable solubilities of TBT and DBT in sediment pore waters are not available in the literature. Although DBT is less hydrophobic than TBT, the adsorption mechanism of DBT is dictated by numerous physicochemical parameters similar to those of TBT, including the mineralogical and chemical composition of the sorbent material and the content of organic matter. Salinity of the aquatic system is also among the essential factors. The relatively high TBT:DBT ratios found in the deepest layers of cores SAG-13 and SAG-30 were not expected, because older sediment should contain older and more degraded butyltins. Again, it might be an indication of an active transportation of freshly deposited TBT to deeper anoxic layers by worms, where the biodegradation of TBT most probably is negligible.
TBT diffusion from sediment
An estimated annual input of between 40 and 45 kg of TBT and the observed quantities of butyltins stored in sediment during the last 5 years show that TBT released by commercial shipping activities was found almost entirely in the sediment. Although this could be a coincidence, these two values are of the same order of magnitude. Because of its very small flux at the water-sediment interface (J 1 ), the molecular diffusion of TBT from sediments is a minor process. However, life activities, such as the irrigation of worm tubes, could increase the diffusion of dissolved TBT through the oxic layer to the water column. The value of 1.54 Ϯ 10 Ϫ3 ng/cm 2 /year for TBT is much lower than fluxes of inorganic mercury (20 ng/cm 2 / year) or even methylmercury (0.07 ng/cm 2 /year) previously estimated for the same location in the Saguenay Fjord [34] . When the J 1 value is integrated over the total surface of the bay, only approximately 0.4 g of dissolved TBT can escape the surface sediment each year. This quantity accounts for only 0.001% of the TBT stored in sediments.
Furthermore, the very low TBT diffusive flux (J 2 ) calculated between the pre-and postflood layers is indicative that TBT introduced in the bay before the flood is locked in the deepest layers, without any quantitative diffusion toward the upper layers. Consequently, TBT sequestered in the preflood anoxic sediment should represent a very low risk for organisms but, according to the long half-life found for the upper layers, will persist there for centuries.
Environmental threat for Saguenay Fjord organisms
The long-term presence of TBT-contaminated sediments is harmful to benthic organisms [35] . Matthiessen and Thain [36] observed that a concentration of 41 ng Sn/g dry weight in sediment was sufficient to reduce populations of the polychaete Scoloplos ormiger and the amphipod Urothoe poseidonis. Tributyltin concentrations exceeded that level by fivefold in two of the four cores analyzed in the Saguenay Fjord. It also has been shown [35] that TBT associated with a high organic matter content in sediment could be less bioavailable. Saguenay Fjord sediments contain a low level of organic carbon, which suggests that TBT would be more available to filter feeders and sediment-dwelling organisms. Moreover, a first report on soft-shell clams collected in an intertidal harbor zone at the mouth of the Saguenay Fjord revealed that the clams were subject to masculinizing effects, which seems to be consistent with the biological effects that organotins exert toward some other marine invertebrates [37] .
The presence of TBT and its breakdown products in cold and anoxic sediment of Saguenay Fjord seems to be almost permanent, and it represents a direct and long-lasting threat for the benthic ecosystem and water-column species feeding on benthos. The example provided by the Saguenay Fjord is not unique, and similar cases could exist in many northern sites where commercial navigation is present and oceanographic conditions favor the retention of settling sediment in deep waters. Tributyltin will represent a toxicological risk to highlatitude coastal ecosystems for a long time after the total ban of antifouling tin paints announced for 2008.
